Sperm counts are an essential step in the evaluation of male fertility and usually are performed by microscopic examination of semen by trained personnel. The World Health Organization (WHO) recommends the use of a hemacytometer for determining sperm concentrations in semen, 1 and several methods of using these devices have been described. 1-3 However, the accuracy and reproducibility of analytic data obtained with hemacytometers reportedly are not good enough to compare results from different institutions. 4-6 A number of studies have shown that manual counting is associated with the greatest potential for gross analytic errors in measuring sperm concentrations. 4-8 Consequently, computer-assisted semen analyzers were developed to overcome the subjectivity of sperm counting, but most of these analyzers use some sort of counting chamber or hemacytometer that is itself a source of intrinsic errors. When using a counting chamber or hemacytometer, only spermatozoa located in it can be counted, and only very small quantities of specimens are used to estimate the sperm concentration in 1 mL of semen.
Sperm counts are an essential step in the evaluation of male fertility and usually are performed by microscopic examination of semen by trained personnel. The World Health Organization (WHO) recommends the use of a hemacytometer for determining sperm concentrations in semen, 1 and several methods of using these devices have been described. [1] [2] [3] However, the accuracy and reproducibility of analytic data obtained with hemacytometers reportedly are not good enough to compare results from different institutions. [4] [5] [6] A number of studies have shown that manual counting is associated with the greatest potential for gross analytic errors in measuring sperm concentrations. [4] [5] [6] [7] [8] Consequently, computer-assisted semen analyzers were developed to overcome the subjectivity of sperm counting, but most of these analyzers use some sort of counting chamber or hemacytometer that is itself a source of intrinsic errors. When using a counting chamber or hemacytometer, only spermatozoa located in it can be counted, and only very small quantities of specimens are used to estimate the sperm concentration in 1 mL of semen.
Recently we developed a new device (S-FCM) for measuring sperm concentrations that uses flow cytometry technology and an argon laser as the light source. To improve accuracy, the S-FCM device uses 90 times greater quantities of semen than are used with a counting chamber or hemacytometer. In this study, we compared the accuracy and reproducibility of the S-FCM with that of the Makler sperm counting chamber. We also evaluated the feasibility of using the S-FCM in clinical settings by comparing the analytic data with those obtained by using the improved Neubauer hemacytometer or the Makler chamber.
Materials and Methods

Semen Specimens
Patients who attended a male infertility clinic at our institution between January and July 2001 provided semen specimens. The semen was collected in a sterile plastic container by masturbation after 3 to 4 days of sexual abstinence. Following complete liquefaction, a proportion of each specimen was used for routine semen analysis, and the remainder was used in the present study. To reduce interobserver variation, 2 technicians were assigned to manual sperm counts using the Makler chamber or the improved Neubauer hemacytometer and to automated sperm counts using the S-FCM device.
All assay procedures undertaken in this study and the use of discarded clinical materials were approved by the institutional review board at Kobe University School of Medicine, Kobe, Japan.
Sperm Counts With the Makler Counting Chamber
The Makler counting chamber (Sefi-Medical Instruments, Haifa, Israel) is currently the standard tool used to measure sperm concentrations at the male infertility clinic in our institution. The chamber has a depth of 10 µm and is specifically designed for semen analysis. 2, 3 The patients' semen specimens were mixed well with Voltex (Scientific Industries, Bohemia, NY) at room temperature for 30 seconds. A 5-µL drop of semen was placed in the center of the lower disk and the coverglass applied immediately. 7, 9 The number of spermatozoa in a strip of 10 squares then was counted. This number equates to the sperm concentration in millions per milliliter. The counting procedure was repeated in another strip of 10 squares to determine the average value. Three different drops of semen were used, and the mean value was considered the representative concentration of spermatozoa in the specimen. When fewer than 20 spermatozoa in 10 squares were observed, spermatozoa within the entire grid area (100 squares) were counted. In such cases, 5 zeros then were added to the number counted, and the result was the concentration per milliliter.
Semen Analysis With the Improved Neubauer Hemacytometer
The WHO currently recommends measurement of spermatozoa concentrations with a hemacytometer. 1 We used the improved Neubauer hemacytometer (Erma, Tokyo, Japan) precisely according to the WHO guideline. 1 For this procedure, a standard 1:20 dilution was prepared from each wellmixed sample (50 µL semen + 950 µL diluent). The diluent comprised 50 g of sodium bicarbonate, 10 mL of 35% (vol/vol) formaldehyde, and 0.25 g of trypan blue made up to 1,000 mL with distilled water and filtered (Whatman No. 1 paper) before storage at 4°C. When preliminary examination of the semen indicated that the concentration of spermatozoa present was excessively high or excessively low, dilution of the sample was adjusted accordingly. For samples containing fewer than 20 × 10 6 /mL, a 1:10 dilution was used; for samples containing more than 100 × 10 6 /mL, a 1:50 dilution was used. The diluted specimen was mixed thoroughly, and a drop (10-20 µL) was transferred to each chamber of an improved Neubauer hemacytometer and covered with a coverglass. The hemacytometer was allowed to stand for about 5 minutes in a humid chamber. The cells that sedimented during this time then were counted under a phase-contrast microscope (BH-2, Olympus, Tokyo, Japan) at a magnification of ×200. If fewer than 10 spermatozoa were found, the whole grid (25 large squares) was counted on each side of the hemacytometer. If 10 to 40 spermatozoa were found, 2 horizontal rows were counted on each side (ie, 2 × 10 large squares counted in total). When there were more than 40 spermatozoa per large square, only the 4 corner squares plus the center square were counted on each side (ie, 2 × 5 large squares counted).
In all cases, only recognizable spermatozoa, including loose heads, were counted; other germinal line cells and free tails were ignored. Both chambers of the hemacytometer were scored, and the average count was calculated, provided that the difference between the 2 counts did not exceed 1/20 of their sum. When the 2 counts were not within 10%, they were discarded, the sample dilution was remixed, and another hemacytometer was prepared for counting. To determine the concentration of spermatozoa in the original sample, the average number of spermatozoa was divided by the appropriate conversion factor ❚Table 1❚.
Automated Semen Analysis With the S-FCM
For automated semen analysis with the S-FCM, 100 µL of the sample was diluted with 9,900 µL of 14% cationic surfactant aqueous solution, Remox M (Sysmex, Kobe, Japan), using the AD-270 autodilutor (Sysmex). Then 400 µL of the mixture was diluted with 1,160 µL of diluent (1. carbocyanine, 0.04% phenathridine, and 99.82% ethylene glycol). The mixture then was hydrodynamically focused and passed through the sheath flow cell illuminated by the argon laser beam. With this method, individual cellular components, including spermatozoa in the semen specimens, fluoresce to varying degrees. The scattered light intensity and fluorescent intensity of each cell and spermatozoon are converted into electric signals by a photomultiplier, and 4 parameters are measured simultaneously in each sample: the forward scattered light intensity, the forward scattered light intensity pulse width, the fluorescent light intensity, and the fluorescent pulse width. By using these 4 parameters, we can distinguish spermatozoa from other cellular and noncellular components in the semen (eg, cell debris, germinal line cells, crystals). After data reduction, the number of spermatozoa in 1 µL of the semen sample is recorded on the screen, and a hard copy of the results can be obtained. If the sperm concentration was less than 10 × 10 6 /mL, 100 µL of the sample was diluted with 900 µL of diluent using the pipette (Eppendorf, Hamburg, Germany), and 400 µL of the mixture was diluted with 1,160 µL of diluent as described. The results obtained by this 10× dilution were divided by 10 to give the final measured concentration of spermatozoa in 1 µL of semen.
Effect of Cationic Surfactant
A possible effect of the cationic surfactant on the morphologic features of spermatozoa was examined as part of our study. We diluted 100 µL of the semen sample with 9,900 µL of the cationic surfactant or the same volume of physiologic saline and incubated for 1, 2, and 16 hours at room temperature. The morphologic features of spermatozoa were examined with a phase-contrast microscope at ×400 magnification. Measurements of sperm concentrations with the S-FCM in semen samples treated with either the cationic surfactant or physiologic saline were performed and the scattergrams of analytic data compared.
Between-Run Imprecision
The manufacturer provided quality control samples containing 5.14-µm diameter particles that mimic the size of spermatozoa. The concentrations of the quality control samples were adjusted to approximately 1, 10, and 100 × 10 6 /mL. Three samples were measured using both the S-FCM and the Makler chamber on 10 separate days throughout the course of the study, and the coefficients of variation (CVs) were calculated.
Within-Run Imprecision
To test the consistency of our results, repeated measurements were made on 9 samples using both the S-FCM and the Makler chamber. The concentrations of spermatozoa were less than 20 × 10 6 /mL in 3 samples, 20 to 60 × 10 6 /mL in 3 samples, and more than 60 × 10 6 /mL in 3 samples. Measurements were repeated 10 times, and the imprecision of each measurement method was assessed via the CVs obtained.
Linearity Assessments
Samples containing decreasing amounts of spermatozoa were prepared by diluting representative semen samples with physiologic saline in a stepwise dilution (1:1, 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, 1:256, and 1:512). Linearity was determined by analyzing specimens in triplicate, and the slope and intercept to expected values were determined.
Assessment of Time Needed for Sperm Concentration Analysis
The time needed for automated sperm concentration analysis with the S-FCM device was defined as the time between aspiration of semen samples by the autodilutor and the presentation of results on the screen. The time needed for performing manual analyses of sperm concentrations was defined as the time between the loading of semen and completion of sperm counting with the Makler chamber or the time between the preliminary examination of semen and completion of sperm counting with the improved Neubauer hemacytometer.
Analysis of Carryover
Three semen specimens were used to assess the between-specimen carryover. Each specimen was analyzed in triplicate, followed by 3 blank specimens of the diluent. The carryover rate for spermatozoa was calculated by using the following formula:
Carryover rate (%) = [(B1 − B3)/(S3 − B3)] × 100 where B1 is the first measured value of diluent; B3, the third measured value of diluent; and S3, the third measured value of the specimen.
Statistical Analysis
All data were analyzed using StatView-J5.0 (SAS Institute, Cary, NC). Spearman rank correlation coefficients were used to determine the correlation between values obtained by the 2 methods; P values of less than .05 were considered statistically significant. The results of the automated analysis by the S-FCM and manual analysis by the Makler chamber or the improved Neubauer hemacytometer were compared by gamma statistics using SPSS for Windows (SPSS, Chicago, IL). Gamma is a measure of association between 2 variables measured on an ordinal level and can be thought of as the probability that the pair is discordant, assuming the absence of numerically identical results. Gamma is symmetric and ranges between 0 and 1.
Results
A total of 104 men attending the male infertility clinic at our institution agreed to their semen specimens being used for the present study. All had successfully collected semen samples between 9 and 11 AM on the day of analysis. All measurements were done within 3 hours of collecting the samples.
Effect of Cationic Surfactant on Spermatozoa
Morphologic examination of spermatozoa exposed to the cationic surfactant used to remove blood cells (erythrocytes, leukocytes, and platelets) revealed no changes in their shape ❚Image 1❚. The scattergrams of specimens treated with the cationic surfactant showed marked reduction of background "noise" caused by contaminating blood cells (data not shown).
Linearity of Results
Three semen samples with different sperm concentrations were used (as described in the "Materials and Methods" section). For samples with a sperm concentration of 309.3 × 10 6 /mL, the linear correlation was y = 0.999x + 1.842; R 2 = 0.999; P < .001. For samples with a sperm concentration of 14.3 × 10 6 /mL, the linear correlation was y = 0.9942x − 0.012; R 2 = 0.9994; P < .001; for samples with a sperm concentration of 4.96 × 10 6 /mL, the linear correlation was y = 1.0029x + 0.0593; R 2 = 0.9983; P < .001. These results indicate that the linearity was excellent for a wide range of sperm concentrations.
Carryover Rate
Carryover analyses with the S-FCM device were performed in specimens with the following sperm concentrations: 14.4, 25.0, and 60.9 × 10 6 /mL. The carryover rate ranged from −0.10% to 0.17%. These results show that there was no substantial carryover between samples.
Between-and Within-Run Imprecision
The between-run imprecision of the S-FCM and the Makler counting chamber was analyzed using quality control specimens at concentrations of 1, 10, and 100 × 10 6 /mL. The CVs for the S-FCM were substantially lower than those for the Makler counting chamber ❚Table 2❚.
The within-run reproducibility of the S-FCM and the Makler chamber were evaluated using semen with various concentrations of spermatozoa (<20 × 10 6 /mL, 20-60 × 10 6 /mL, and >60 × 10 6 /mL). The CVs for the S-FCM were lower than those for the Makler chamber ❚Table 3❚.
Comparison of Sperm Concentrations Measured With the S-FCM With Manual Analysis
Overall 
Time Needed to Perform Automated and Manual Sperm Counts
The mean time needed for automated sperm counting using the S-FCM was 110 seconds. In comparison, the mean times needed for manual sperm counting by the Makler chamber and the improved Neubauer hemacytometer were 5 and 10 minutes, respectively.
Discussion
Semen analysis is the first step in evaluating human male fertility and is performed as a routine laboratory test in infertility clinics. In most clinical laboratories, sperm counting is performed by microscopic observation with a hemacytometer or a chamber slide method. However, obtaining accurate results by manual counting may be hampered by various methodologic problems. [4] [5] [6] [7] [8] To overcome these difficulties, computer-assisted semen analyzers were developed to improve the imprecision of sperm counting, but these analyzers also have problems in reproducibility and accuracy, and there is variation within and between laboratories. [10] [11] [12] [13] [14] [15] [16] [17] [18] The most common source of error in measuring sperm concentrations arises from the use of chamber slide methods, including the hemacytometer (eg, the improved Neubauer hemacytometer) and the sperm counting chamber (Makler chamber).
The hemacytometer originally was developed to perform blood cell counts. However, its use was abandoned in most laboratories following the introduction of flow cytometric technology into hematology analyzers. The reason that hemacytometers are no longer used for CBC and differential cell counts is the wide range of within-and betweenassay variability experienced. This inaccuracy is attributed to the small sample quantities that are used to estimate cell concentrations. When chamber slides are used to measure sperm concentrations, spermatozoa are counted in only 0.01 µL of the semen sample with either the Makler chamber or the improved Neubauer hemacytometer. However, to determine the absolute number of spermatozoa per milliliter, ideally all spermatozoa in 1 mL of semen should be counted. Since this is not practical, an estimate of the number of spermatozoa per milliliter is made by counting spermatozoa in only a small quantity of semen. The greater the quantity of specimen used, the more accurate the estimate of the concentration of cells in the sample. The S-FCM device was developed specifically to measure the sperm concentrations in semen. This new machine uses flow cytometry technology to differentiate and count spermatozoa. The amount of semen required for measurement of sperm concentrations by the S-FCM is 0.9 µL, which is 90 times greater than that used by the Makler chamber and the improved Neubauer hemacytometer.
In the present study, we evaluated the accuracy of sperm counting by the S-FCM. The device was able to accurately detect a wide range of concentrations of spermatozoa, and the carryover rate was low (−0.10% to 0.17%), suggesting that there is no substantial carryover between samples. Between-and within-run imprecision with the S-FCM device was assessed and compared with the results of manual analysis with the Makler chamber. A between-run imprecision assay with the S-FCM provided CVs in the range 2.0% to 5.3%, which were considerably lower than CVs for the Makler chamber at all concentrations tested. At low concentrations of quality control specimens (1 × 10 6 /mL), the CVs with the S-FCM were considerably lower than with the Makler chamber (3.0% vs 26.2%, respectively). In withinrun imprecision assays, the S-FCM showed good precision for measuring spermatozoa; CVs were lower than those found for manual analysis with the Makler chamber and also were lower than those reported for computer-assisted semen analyzers using the Makler chamber. 2, 6 Whereas the S-FCM exhibited low CVs at all concentrations for both between-run and within-run assays, the Makler chamber showed much larger CVs at lower concentrations than at higher concentrations. This phenomenon can be explained by the fact that the results of sperm counting are distributed according to a Poisson distribution. 19 The confidence interval decreases with increasing cell numbers, thus increasing the accuracy of the analysis. To achieve an increase in the number of cells counted, a larger sample is required. The S-FCM counts spermatozoa floating in a 90 times greater amount of semen than the Makler chamber. This is one of the most important factors giving rise to the high reproducibility of sperm concentration measurement by the S-FCM. As most of the patients in the present study had low sperm counts (oligozoospermia), automated analysis by the S-FCM, therefore, can be considered superior to manual analysis with the Makler chamber or the improved Neubauer hemacytometer.
When azoospermia was confirmed by the observation of centrifuged sediments with manual analysis, the measured concentrations with the S-FCM were 0.003 to 0.041 × 10 6 /mL. This overestimation was caused by counting of particles in the semen that mimic spermatozoa. Differentiating very severe oligozoospermia from azoospermia is, therefore, a limitation of flow cytometric analysis. Thus, it is practical to check the centrifuged sediment of the semen sample by a microscope when the sperm count is found to be as low as 0.041 × 10 6 /mL by the S-FCM.
The average time taken to measure 1 semen sample by automated sperm counting with the S-FCM, including treatment with the surfactant, was 110 seconds. In comparison, the Makler chamber and the improved Neubauer hemacytometer required an average of 5 and 10 minutes, respectively. From our perspective, the S-FCM performs sperm counting more consistently and in a more time-saving manner than manual microscopic methods and is without operator interaction problems.
Semen analysis is the most important laboratory test in male infertility clinics, but until now the results obtained have not been comparable among different laboratories owing to the large CVs of manual analyses between and within laboratories. [16] [17] [18] The results of this study have shown that the S-FCM can overcome this difficulty and suggest that the device can be used as a standard measurement tool to determine sperm concentrations and to evaluate the effects of medical or surgical treatment of infertile men at a particular institution.
We have started a multicenter collaborative study to evaluate whether this new device can be used as a standard sperm concentration measurement tool to compare results from different laboratories.
Conclusions
The results presented in this article led to the firm conclusion that the S-FCM device is suitable for quantitative measurement of sperm concentrations, particularly when the counts are low. Now is the time to abandon chamber slide methods, as hematologists have done, and to adopt flow cytometry technology in andrology.
